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Introduction {#anie201908649-sec-0001}
============

The ever‐growing global energy demand of future societies can, in harmony with the environment, only be fulfilled by sustainable energy sources like thermal, sunlight, and wind. Solar energy can be stored in "chemical bonds". This can be reasonably achievable by water electrolysis, using either a proton exchange membrane water electrolyzer (PEMWE) or an alkaline water electrolyzer (AWE), leading to the generation of the so‐called solar fuels[1](#anie201908649-bib-0001){ref-type="ref"}, [2](#anie201908649-bib-0002){ref-type="ref"}, [3](#anie201908649-bib-0003){ref-type="ref"}, [4](#anie201908649-bib-0004){ref-type="ref"}, [5](#anie201908649-bib-0005){ref-type="ref"}, [6](#anie201908649-bib-0006){ref-type="ref"}, [7](#anie201908649-bib-0007){ref-type="ref"}, [8](#anie201908649-bib-0008){ref-type="ref"}, [9](#anie201908649-bib-0009){ref-type="ref"} which, in this case, consist of hydrogen (H~2~)---a promising energy carrier[5](#anie201908649-bib-0005){ref-type="ref"} and oxygen (O~2~).

Although hydrogen offers many advantages over other fuels, the cost for producing electrolytic hydrogen is rather high, with a current production price of €5--10/kg.[10](#anie201908649-bib-0010){ref-type="ref"} This price is related to the cost of electricity, and should be considered in addition to the capital cost (CAPEX) and operational cost (OPEX) of the electrolyzer; as most of PEMWEs use platinum‐group netals (PGMs) such as iridium (Ir) and platinum (Pt), the PEMWE technology is inherently costly. PGMs and in particular Pt is used as it is the most effective electrocatalysts for the HER.[11](#anie201908649-bib-0011){ref-type="ref"}, [12](#anie201908649-bib-0012){ref-type="ref"} However, whilst Pt is characterized by its high‐performance (low overpotential towards the HER), the metal is very expensive and thought to be scarce. Thus, there is still a need for developing cheap and easily accessible electrode materials that exhibit low overpotentials on the cathode side, allowing for efficient conversion of electrical energy into hydrogen gas through the HER.

The electrodeposition of a thin, highly HER active Pt layer on a conductive substrate represents one possible route on the way to such a desired material.

The conventional approach to electrodeposit Pt takes advantage of a Pt containing electrolyte achieved upon the dissolution of Pt salts. From experience, it has been observed that only a very small fraction of the platinum which was originally dissolved is transferred to the electrode (intended to be modified), which definitely lowers the cost‐efficiency and the environmental friendliness of this approach. In our conditions we have been following a different path, allowing the decoration of Pt on stainless steel using a Pt counter electrode (CE) and a Ni42 steel working electrode (WE) in a water electrolysis reaction, carried out at a low pH value and in an electrolyte not containing any Pt salts initially. Generally, the use of a platinum CE for the evaluation of non‐PGM based electrodes is well‐known to be questionable, due to the risk of contaminating the WE with platinum, especially when positive potentials are applied to the Pt electrode.[13](#anie201908649-bib-0013){ref-type="ref"} However, in this work, we used this drawback to our advantage. Upon using this strategy (self‐dissolution of Pt at high electrodepotential for example, *E*\>+1600 mV vs. RHE) we could only detect a negligible amount of remaining platinum in the electrolyte used, clearly underpinning the 100 % effectiveness of the platinum transfer process. The simultaneously occurring hydrogen evolution on the Ni42 stainless steel surface affected the electrodeposition of a homogeneous layer but was substantially suppressed upon applying ultrasonic energy (80 kHz, 48--72 W) to the electrolysis cell (the setup of which is shown in Figure [1](#anie201908649-fig-0001){ref-type="fig"}). The decoration of Ni42 stainless steel with Pt by the ultrasonic and sonoelectrochemical approaches were found to be highly effective to render steel in a competitive hydrogen‐evolving electrode without exhibiting the disadvantage of classically performed Pt decoration processes: The wastage of expensive platinum.

![Photo of the experimental setup taken before carrying out the polarization experiments in the absence and presence of ultrasound a) and whilst performing the first activation procedure b).](ANIE-58-17383-g001){#anie201908649-fig-0001}

Results and Discussion {#anie201908649-sec-0002}
======================

Silent conditions {#anie201908649-sec-0003}
-----------------

Recently Schäfer and Chatenet showed that surface‐modified (stainless) steel can be used as water splitting electrodes.[14](#anie201908649-bib-0014){ref-type="ref"} The approaches shown by Chatenet et al.[15](#anie201908649-bib-0015){ref-type="ref"} and Schäfer et al.[16](#anie201908649-bib-0016){ref-type="ref"}, [17](#anie201908649-bib-0017){ref-type="ref"}, [18](#anie201908649-bib-0018){ref-type="ref"}, [19](#anie201908649-bib-0019){ref-type="ref"} and by some of other groups are taking advantage of the elements contained in steel like Fe, Ni and Co, known for their sophisticated properties (at least) towards the electrocatalytically‐initiated OER. However, scientists failed, likely owing to the absence of noble ingredients, in rendering steel at least as active towards the HER as Pt is.[14](#anie201908649-bib-0014){ref-type="ref"}

In this study, electrochemical decoration of Ni42 stainless steel with platinum was realized in 0.05 [m]{.smallcaps} sulfuric acid (initially free of any dissolved Pt species) by using a three‐electrode set up consisting of a stainless steel Ni42 WE, a platinum CE, and a reversible hydrogen electrode (RHE) as reference electrode (Figure [1](#anie201908649-fig-0001){ref-type="fig"}). Platinum was transferred from the CE to the WE through a procedure consisting of repeated cycling (100 cycles) in the potential (*E*) range 0.00 V vs. RHE and −0.40 V vs. RHE (E of the Pt CE was at most +1.70 V vs. RHE), followed by a galvanostatic long‐term polarization procedure (Figure [2](#anie201908649-fig-0002){ref-type="fig"}), resulting in Pt decorated Ni42 stainless steel henceforth referred to as "sample Ni42Pt".

![Electrochemical activation of Ni42 steel upon usage of a Pt counter electrode. a) First activation procedure based on a cyclic voltammetry experiment. b) Second activation procedure based on a chronoamperometry experiment.](ANIE-58-17383-g002){#anie201908649-fig-0002}

Figure [2](#anie201908649-fig-0002){ref-type="fig"} a shows that larger currents to potential ratio are obtained upon cycling of the potential. After 100 voltammetry cycles, the current density reached −17 mA cm^−2^ at a potential of *E*=−400 mV vs. RHE, a value that is ca. 2.5 times higher than that observed for untreated Ni42 (ca. 7 mA cm^−2^, Figure [2](#anie201908649-fig-0002){ref-type="fig"} a).

This was confirmed under steady state conditions as the potential required to ensure −10 mA cm^−2^ current density decreased by 180 mV (from 370 mV overpotential to 190 mV overpotential) through 50 000 s of chronopotentiometry (Figure [2](#anie201908649-fig-0002){ref-type="fig"} b. The contamination of a non‐PGM‐based working electrode by a Pt counter‐electrode is a classical issue in electrocatalysis.[12](#anie201908649-bib-0012){ref-type="ref"} Thus, it was an indispensable prerequisite to replace the platinum counter electrode with a material that does not lead to any contamination of the working electrode, for example, graphite (Figure [3](#anie201908649-fig-0003){ref-type="fig"}).

![The electrochemical HER properties of Ni42 stainless steel decorated (or not) with Pt at pH 0 and pH 1 evaluated upon usage of graphite as counter electrode and compared with noble HER benchmarks. a) Comparison of the steady state HER performance (pH 1) of samples Ni42 and Ni42Pt. b) Comparison of the non‐steady state HER performance (pH0) of platinum with samples Ni42 and Ni42Pt. c) Comparison of the non‐steady state HER performance (pH 1) of platinum with samples Ni42, and Ni42Pt.](ANIE-58-17383-g003){#anie201908649-fig-0003}

In comparison with non‐activated Ni42 steel, Ni42Pt exhibited a substantial enhancement in HER activity (Figure [3](#anie201908649-fig-0003){ref-type="fig"}, black and blue curves) at pH1 and pH0. The average potential after 50 000 s of chronopotentiometry was found to be −218 mV vs. RHE (*j*=−10 mA cm^−2^; 0.05 [m]{.smallcaps} H~2~SO~4~, Figure [3](#anie201908649-fig-0003){ref-type="fig"} a, black curve) whereas non‐treated Ni42 steel required an average potential of *E*=−335 mV vs. RHE (Figure [3](#anie201908649-fig-0003){ref-type="fig"} a, blue curve).

The HER based current density realized at potential of *E*=−400 mV vs. RHE was found to be −30 mA cm^−2^ for pH 0 and −6 mA cm^−2^ for pH 1 for the non‐treated Ni42 samples and, −90 mA cm^−2^ for pH 0 and −17.5 mA cm^−2^ for pH1 for the sample Ni42Pt (Figures [3](#anie201908649-fig-0003){ref-type="fig"} b and c). In any case, there is still a significant difference in overall HER performance at pH 0 or 1 between pure Pt (determined by us or other groups[20](#anie201908649-bib-0020){ref-type="ref"}, [21](#anie201908649-bib-0021){ref-type="ref"}) and sample Ni42Pt (Figures [3](#anie201908649-fig-0003){ref-type="fig"} b and c) as can be taken from the substantial gap between the CV curves of samples Pt and Ni42Pt recorded at pH1 and pH0 (Figures [3](#anie201908649-fig-0003){ref-type="fig"} b and c). Additionally, under our conditions, a substantial decrease of the HER activity for sample Ni42Pt under long‐term measurements was observed (Figure [3](#anie201908649-fig-0003){ref-type="fig"} a, black curve). For example the potential was found to increase by circa +80 mV after 50 000 s of chronopotentiometry carried out in 0.05 [m]{.smallcaps} sulfuric acid at *j*=−10 mA cm^−2^ (Figure [3](#anie201908649-fig-0003){ref-type="fig"} a, black curve). From these observations, it can be stipulated that two processes occur simultaneously on the surface of Ni42 steel during the first and second activation procedures (Figure [2](#anie201908649-fig-0002){ref-type="fig"}), namely hydrogen (H~2~) bubble formation and Pt electrodeposition.[22](#anie201908649-bib-0022){ref-type="ref"}

Moreover, it turned out that the shift of the CV curves towards higher current density values with increased number of cycles (up to 100) as seen in Figure [2](#anie201908649-fig-0002){ref-type="fig"} a, can only be achieved when the electrolyte volume, the magnetic stirring bar size, the stirring speed, and the electrode geometry (that is the distance between the Ni42 working electrode and the Pt counter electrode, and the distance between Ni42 and the reference electrode) are optimized. If too strong stirring is used, Pt species cannot diffuse/migrate from the Pt anode (counter electrode in OER and dissolution regime) to the Ni42 cathode (working electrode, in HER and Pt deposition regime). However, if the stirring is too weak, H~2~ bubbles are not released fast enough from the Ni42 working electrode surface and may affect the electrodeposition of Pt species.

Ultrasonic conditions {#anie201908649-sec-0004}
---------------------

In order to overcome and circumvent these problems, ultrasonication (80 kHz, 48--72 W) was used. Ultrasonic applied to electrochemically promoted reactions is known to not only influence gas bubble removal from surfaces but also offers many other advantages.[23](#anie201908649-bib-0023){ref-type="ref"}, [24](#anie201908649-bib-0024){ref-type="ref"} An increase in electrode cleanliness, metal depassivation, and enhanced mass‐transport of electroactive species to the electrode surface will result in enhanced electrochemical diffusion processes, in an increase in a) electrochemical rates and yields, b) process efficiencies, as well as in a decrease of electrode overpotentials; this overall leads to improved electroplated and electrodeposited materials (hardness, porosity, and thickness).[25](#anie201908649-bib-0025){ref-type="ref"}

We would like to emphasize at this point that we employed ultrasound solely for the fabrication of the HER electrode and not when the ready‐made electrode was used as a hydrogen forming electrode. Thus, we would like to address questions whether ultrasound affects for example, electron transfer kinetics[23](#anie201908649-bib-0023){ref-type="ref"} in an additional contribution.

Ultrasonic‐assisted two steps cyclic voltammetry activation followed by ultrasonic‐assisted chronopotentiometry was applied to Ni42 (see Supporting Information), both performed using a platinum counter electrode (Figure [4](#anie201908649-fig-0004){ref-type="fig"}).

![Ultrasonically assisted electrochemical activation of Ni42 stainless steel upon usage of a Pt counter electrode, ultrasonic frequency: 80 kHz. a) First activation procedure consisting of ultrasonically assisted (80 kHz, 48 W) 65 cyclic voltammetry scans. b) Second activation procedure consisting of ultrasonically‐assisted (80 kHz, 72 W) 35 cyclic voltammetry scans.](ANIE-58-17383-g004){#anie201908649-fig-0004}

Whereas 100 CV cycles were required in the absence of ultrasound to reach a current density of circa −17 mA cm^−2^ (Figure [2](#anie201908649-fig-0002){ref-type="fig"}(a), this value was obtained after only 30 CV cycles when the electrolysis cell was under ultrasonic treatment (80 kHz, 48 W) (Figure [4](#anie201908649-fig-0004){ref-type="fig"} a). After 65 CV scans (*j*=−34 mA cm^−2^ at *E*=−400 mV vs. RHE) ultrasonic‐assisted activation step I), an intermediate step was added to clean the platinum electrode for 60 min in a water ultrasonic bath, before polarization experiments were continued (ultrasonically‐assisted activation step II; 80 kHz, 72 W Figure [4](#anie201908649-fig-0004){ref-type="fig"} b). The current density reached −46 mA cm^−2^ after further 35 CV scans (Figure [4](#anie201908649-fig-0004){ref-type="fig"} b). An additional step (ultrasonic assisted activation step III) consisting of ultrasonically‐assisted chronopotentiometry performed in the presence of a Pt counter electrode which ends up in sample Ni42SoPt, turned out to be efficient in order to improve the stability of the HER catalyst (Supporting Information, Figure S1). Long‐term polarization experiments with a graphite counter electrode reveal Ni42SoPt as a highly active and highly stable HER electrode in an acidic medium (Figure [5](#anie201908649-fig-0005){ref-type="fig"} a).

![The HER performance of sample Ni42SoPt determined versus a graphite electrode. a) The steady state HER performance (pH 1) of Ni42SoPt. b) The non‐steady state HER performance (pH 1) of Ni42SoPt. c) Determination of the charge to hydrogen conversion rate for the HER on sample Ni42SoPt based on a chronopotentiometry scan. The red line corresponds to 100 % Faradaic efficiency (FE). The FE determined after 4000 s amounted to 99.9 %. d) Comparison of the non‐steady state HER performance (pH0) of platinum with sample Ni42SoPt.](ANIE-58-17383-g005){#anie201908649-fig-0005}

Sample Ni42SoPt exhibits the best electrocatalytic HER properties of all platinum‐activated Ni42 samples. Exhibiting a current density of *j*=−25 mA cm^−2^ at −400 mV vs. RHE (Ni42Pt, *j*=−17.5 mA cm^−2^), Ni42SoPt outperforms sample Ni42Pt and was found to be nearly *on par* with the one for pure platinum (*j*=−26.3 mA cm^−2^; Figure [5](#anie201908649-fig-0005){ref-type="fig"} b). A quantitative charge to hydrogen conversion rate (99.9 %) was determined for the electrocatalytically initiated hydrogen evolution upon sample Ni42SoPt (Figure [5](#anie201908649-fig-0005){ref-type="fig"} c and Supporting Information). A potential industrial implantation of our Ni42SoPt electrode (PEM electrolyzer with 120 cells, each of them 20×20 cm) with a total electrode area of 4.8 m^2^, would theoretically result in a production rate of 6.14 m^3^ H~2~ h^−1^ at 20 °C, at *j*=300 mA cm^−2^ and FE=95 %. As expected, sample Ni42SoPt exhibited, not only in 0.05 [m]{.smallcaps} H~2~SO~4~ but also in 0.5 [m]{.smallcaps} H~2~SO~4~, a very close HER performance (*E*=−400 mV vs. RHE at *j*=−125 mA cm^−2^) compared to pure platinum (sample Pt; *E*=−400 mV vs. RHE at *j*=−140 mA cm^−2^; Figure [5](#anie201908649-fig-0005){ref-type="fig"} d. In the high current density range (−10 \< *j* \< −150 mA cm^−2^), a Tafel slope was found to be 191 mV dec^−1^ (Supporting Information, Figure S2). The Tafel slope for Pt in the same current density region amounted to 109 mV dec^−1^ (Ni42: 201 mV dec^−1^; Ni42Pt: 206 mV dec^−1^; Supporting Information, Figure S2). Pure platinum shows better HER performance at high current densities than Ni42SoPt. We claim that the differences in Tafel slopes are due to different physicochemical properties of the surfaces (for example, hydrophobicity, porosity) which influence bubble adhesion/detachment. However, the HER performance (under laboratory conditions) can be seen as competitive to recently‐developed electrocatalysts[26](#anie201908649-bib-0026){ref-type="ref"}, [27](#anie201908649-bib-0027){ref-type="ref"} as well as commercially available ones.[28](#anie201908649-bib-0028){ref-type="ref"}, [29](#anie201908649-bib-0029){ref-type="ref"} For example, Popczun et al.[27](#anie201908649-bib-0027){ref-type="ref"} recently reported that nano‐scaled Ni~2~P exhibited highly‐active and stable electrocatalytically initiated hydrogen evolution. In their conditions, Ni~2~P nanoparticles were synthesized in high boiling organic solvent (1‐octadecene, oleylamine, and tri‐n‐octylphosphine) and deposited on titanium foil with a catalyst (Ni~2~P) loading of 10 μg mm^−2^. The potential required for *j*=−10 mA cm^−2^ HER based current density derived from steady‐state measurements amounted to −115 mV vs. RHE in 0.5 [m]{.smallcaps} sulfuric acid. A flat electrode consisting of metal ion containing triazine thiolate modified copper was recently introduced by Vishwanath et al.[30](#anie201908649-bib-0030){ref-type="ref"} and turned out to be substantially weaker (HER‐) active (*E*=−270 mV vs. RHE at *j*=−10 mA cm^−2^ in 0.5 [m]{.smallcaps} H~2~SO~4~) than our modified stainless steel. Co~2~P nanowires generated upon a microwave‐assisted approach showed, at given potential, competitive current densities (*E*=−110 mV vs. RHE at *j*=−10 mA cm^−2^).[31](#anie201908649-bib-0031){ref-type="ref"} Based on Tafel measurements Ma et al. determined for commercial Pt/C with a loading of around 50 μg cm^−2^ at η≈35 mV, a HER based current density of −1.6 mA cm^−2^  [28](#anie201908649-bib-0028){ref-type="ref"} which represents an activity below the one of Ni42SoPt (*j*=−7 mA cm^−2^ at *η*=40 mV; Supporting Information, Figure S2). It should be mentioned, that in contrary to our steel‐based electrodes, Pt/C as well as the electrode consisting of Co~2~P nanowires cannot be seen as a flat one, leading to a projected surface area significantly lower than the real surface area; thus, the high current density monitored cannot be directly compared with those derived from flat electrodes. This also explains why the overpotential at given current densities, reported in some contributions for porous materials, is even lower than the one that is assigned to pure platinum. Therfore, the HER onset potential seems to be a more meaningful HER activity parameter and here platinum (smooth) metal still can be seen as the benchmark.[32](#anie201908649-bib-0032){ref-type="ref"} With respect to the onset of hydrogen evolution (*E* ~onset~=potential to ensure a HER based current density of −0.25 mA cm^−2^) in pH 1 regime our modified steel Ni42SoPt is highly competitive (−14 mV vs. RHE) to platinum metal (−12 mV vs. RHE; Figure [5](#anie201908649-fig-0005){ref-type="fig"} b,d, Table [1](#anie201908649-tbl-0001){ref-type="table"}) and substantially better than samples Ni42 (*E* ~onset~=−160 mV vs. RHE) and Ni42Pt (*E* ~onset~=−32 mV vs. RHE).

###### 

Overview of the steady state and non‐steady state HER based electrochemical measurements, as well as the results from AFM testing carried out with samples Ni42, Ni42Pt, Ni42SoPt, and Pt.

+----------+-------------------------------------------------------------------+------------------------------------------------------------------------------------------------+----------------+---------------+--------------------------------------------------------------------------------------+------+----------------------------------+
| Sample   | Onset potential derived from cyclic‐ voltammetric measurements at | Averaged overpotential required for *j*=10 mA cm^−2^ based on Chronopotentiometry measurements | Tafel slope    | C~dl~         | Projected area (PA) surface area (SA) and average roughness (AR) as derived from AFM |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          | *j*=−0.25 mA cm^−2^                                               |                                                                                                | pH 0           | pH 1          |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                | \[mV dec^−1^\] | \[mF cm^−2^\] |                                                                                      |      |                                  |
+==========+===================================================================+================================================================================================+================+===============+======================================================================================+======+==================================+
| Ni42     | −160 mV vs. RHE                                                   | −140 mV vs. RHE                                                                                | 335 mV         | 306 mV        | 328                                                                                  | 6.8  | PA=99.9 μm^2^                    |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      | SA=101.8 μm^2^                   |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      | AR=71.5 nm                       |
+----------+-------------------------------------------------------------------+------------------------------------------------------------------------------------------------+----------------+---------------+--------------------------------------------------------------------------------------+------+----------------------------------+
| Ni42Pt   | −32 mV vs. RHE                                                    | −28 mV vs. RHE                                                                                 | 218 mV         | 99 mV         | 326                                                                                  | 2.7  | PA=100.062 μm^2^                 |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      | SA=132.3 μm^2^                   |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      | AR=98 nm                         |
+----------+-------------------------------------------------------------------+------------------------------------------------------------------------------------------------+----------------+---------------+--------------------------------------------------------------------------------------+------+----------------------------------+
| Ni42SoPt | −14 mV vs. RHE                                                    | −9 mV vs. RHE                                                                                  | 140 mV         | 88 mV         | 291                                                                                  | 4.35 | PA=100.062 μm^2^; SA=131.4 μm^2^ |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      |                                  |
|          |                                                                   |                                                                                                |                |               |                                                                                      |      | AR=98 nm                         |
+----------+-------------------------------------------------------------------+------------------------------------------------------------------------------------------------+----------------+---------------+--------------------------------------------------------------------------------------+------+----------------------------------+
| Pt       | −12 mV vs. RHE                                                    | −7 mV vs. RHE                                                                                  | 122 mV         | 81 mV         | 148                                                                                  | --   | --                               |
+----------+-------------------------------------------------------------------+------------------------------------------------------------------------------------------------+----------------+---------------+--------------------------------------------------------------------------------------+------+----------------------------------+
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To sum up: Whereas under laboratory conditions (current density up to 50 mA cm^−2^) Pt modified Ni42 steel is *on par* with Pt (Figure [5](#anie201908649-fig-0005){ref-type="fig"}) under industrial conditions (*j*\>50 mA cm^−2^) there is still a gap between Ni42SoPt and pure Pt (Supporting Information, Figure S2).

Different coatings (nickel--iron alloy, SiO~2~, TiO~2~, ZrO~2~, AlOOH) applied to steel aiming in the improvement of its HER properties have been described in the literature.[33](#anie201908649-bib-0033){ref-type="ref"}, [34](#anie201908649-bib-0034){ref-type="ref"} However, the studies lack long‐term stability measurements. Relatively recent studies exhibited HER activities which are far from those observed using PGM.[35](#anie201908649-bib-0035){ref-type="ref"} Furthermore, to the best of our knowledge, the majority of approaches shown in the literature focuses on the development of active and durable HER electrodes in alkaline media when PEMWEs[35](#anie201908649-bib-0035){ref-type="ref"}, [36](#anie201908649-bib-0036){ref-type="ref"}, [37](#anie201908649-bib-0037){ref-type="ref"}, [38](#anie201908649-bib-0038){ref-type="ref"} require OER and HER electrodes that are active and stable at low pH values. In particular, the stability criteria at low pH is difficult to reach. However, thin layers of PGMs deposited on steel are known to significantly improve the corrosion resistance of steel due to passivation.[39](#anie201908649-bib-0039){ref-type="ref"}

In order to shed further light on the HER mechanisms on our prepared electrodes and confirm successful decoration of Pt on Ni42 steel, we investigated the surface of Ni42SoPt by means of SEM (Figures [6](#anie201908649-fig-0006){ref-type="fig"} a, b, c and d) and AFM (Figure [6](#anie201908649-fig-0006){ref-type="fig"} e). Top view SEM (Figure [6](#anie201908649-fig-0006){ref-type="fig"} a) and AFM (Figure [6](#anie201908649-fig-0006){ref-type="fig"} e) images confirmed that the roughness of Ni42 steel (average roughness 71.5 nm)[40](#anie201908649-bib-0040){ref-type="ref"} was not substantially increased upon the chosen surface modification (Ni42SoPt: 98 nm). Double layer capacity investigations have been carried out with samples Ni42, Ni42Pt, and Ni42SoPt (Supporting Information, Figures S3--S8). An unusual high double‐layer capacitance was determined for all samples (Ni42: 6.8 mF cm^−2^, Ni42Pt:2.7 mF cm^−2^, Ni42SoPt: 4.35 mF cm^−2^). Values in the mF cm^2^ range were also obtained for surface modified S235 steel as reported by us in one of our previous contributions.[41](#anie201908649-bib-0041){ref-type="ref"} However, phosphorized S235 steel exhibited substantially higher double‐layer capacitance values (46.1 mF cm^−2^) than untreated S235 steel (0.2 mF cm^−2^),[41](#anie201908649-bib-0041){ref-type="ref"} which was very likely caused by the enormous increase of the porosity that occurs to steel S235 when phosphorized at high temperatures. Thus, we stipulate that the double layer capacitance values derived from samples Ni42, Ni42Pt, and Ni42SoPt, which are of the same order of magnitude, basically result from comparable roughness of samples Ni42, Ni42Pt, and Ni42SoPt; as confirmed by AFM and SEM techniques (Figure [6](#anie201908649-fig-0006){ref-type="fig"}). Table [1](#anie201908649-tbl-0001){ref-type="table"} gives an overview of the electrochemical properties of samples Ni42, Ni42Pt, Ni42SoPt, and platinum, derived from non‐steady‐state and steady‐state HER based measurements, it also compares the AFM results of samples Ni42, Ni42Pt, and Ni42SoPt. Elemental analysis of the surface of sample Ni42SoPt was obtained by X‐ray energy‐dispersive spectroscopy (XEDS; Figure [6](#anie201908649-fig-0006){ref-type="fig"} a--d), and X‐ray photoelectron spectroscopy (XPS; Figure [6](#anie201908649-fig-0006){ref-type="fig"} f), respectively. Both methods confirmed the existence of Pt on the surface of sample Ni42SoPt. It was also observed that not only elemental platinum was found on the surface of sample Ni42SoPt: in addition to Pt^0^, platinum in oxidation state +2 was revealed (Figure [6](#anie201908649-fig-0006){ref-type="fig"} f). A similar finding was recently reported by Yuan et al.[42](#anie201908649-bib-0042){ref-type="ref"}

![SEM, AFM, and XPS results of sample Ni42SoPt. Overlay image of a SEM picture with EDS data. Layered image combining 5 (Ni, Fe, Pt, O, C) maps (a). EDS maps of Ni (b), Fe (c) and Pt (d). AFM image of sample Ni42SoPt Sampling area: 100.062 um um. Height parameters: Root mean square roughness: 123.8 nm; Average roughness: 97.96 nm; Area peak‐to‐valley height: 902.1 nm; Maximum area peak height: 430.4 nm; Maximum area valley depth: 471.7 nm; Projected area: 100.062 μm^2^; Surface area: 131.4 μm^2^ (e). High resolution Pt 4f *x*‐ray photoelectron spectrum of sample Ni42SoPt (black points). The red line represents the result of the optimized fit. The de‐convolution resulted in two 4f~7/2~ peaks located at 71.3 eV (Pt^0^)[45](#anie201908649-bib-0045){ref-type="ref"} and 72.2 eV (Pt(OH)~2~),[45](#anie201908649-bib-0045){ref-type="ref"} and two 4f~5/2~ peaks located at 74.6 eV (Pt^0^) and 75.6 eV (Pt(OH)~2~) binding energy, respectively (f).](ANIE-58-17383-g006){#anie201908649-fig-0006}

The Pt 4f core level XPS consists of two peaks located at 71.3 (4f~7/2~) and 74.6 eV (4f~5/2~) on a binding energy scale. Whereas the 4f~7/2~ core level energy is expected to be located at 70.7 eV for the metallic Pt "bulk" state of a polycrystalline Pt foil,[43](#anie201908649-bib-0043){ref-type="ref"} binding energies of 71.0 eV to 71.3 eV have been obtained for Pt electrodes with the platinum being in polycrystalline and nanostructured form.[44](#anie201908649-bib-0044){ref-type="ref"}, [45](#anie201908649-bib-0045){ref-type="ref"} The features, which we associate to metallic Pt (blue), show a rather pronounced tail (asymmetry) to higher binding energies (Figure [6](#anie201908649-fig-0006){ref-type="fig"} f), another strong indication for metallicity. The analysis of the peak areas after background subtraction reveals that the platinum at the surface of sample comprises around 94.5 % metallic Pt (blue) and 5.5 % can be attributed to Pt(OH)~2~ (green). The Pt 4f7/2 binding energy of 72.2 eV found from the deconvolution for Pt(OH)~2~ is in excellent agreement with the result for chemisorbed O/OH on Pt reported by Saveleva et al.[45](#anie201908649-bib-0045){ref-type="ref"}

These findings made us believe that platinum‐oxide species are formed on the Pt counter electrode whilst HER on Ni42, for a given cell voltage of about 2.1 V (Pt: anode and Ni42: cathode), at *E* ~cathode~=−400 mV vs. RHE (*E* ~anode~=+1700 mV vs. RHE). Thus, oxygen evolution took place on the Pt surface. Pioneering studies by the groups of Hoare, Bard, Bockris, and several others[46](#anie201908649-bib-0046){ref-type="ref"}, [47](#anie201908649-bib-0047){ref-type="ref"}, [48](#anie201908649-bib-0048){ref-type="ref"} showed that the cell voltage required to produce oxygen on a metallic surface is related to the redox potential of the metal/metal oxide couple, or in other words, even in the case of noble metals no oxygen can be released from the surface if the corresponding metal oxide is not formed.

Therefore, it is reasonable to assume that platinum oxide (PtO) is formed on the surface of the Pt counter electrode during the activation procedure leading to sample Ni42SoPt. Indeed, at potentials higher than +1 V vs. RHE in dilute sulfuric acid, Pt initiates its surface (and then bulk) oxide formation, as well documented by the seminal work of Conway et al.[49](#anie201908649-bib-0049){ref-type="ref"}, [50](#anie201908649-bib-0050){ref-type="ref"}, [51](#anie201908649-bib-0051){ref-type="ref"}, [52](#anie201908649-bib-0052){ref-type="ref"} We claim herein that platinum oxide species formed on the Pt anode may be dissolved in the H~2~SO~4~ and cationic Pt oxide species can be electrodeposited on the Ni42 steel (Figure [6](#anie201908649-fig-0006){ref-type="fig"} f). This assumption seems to be founded[53](#anie201908649-bib-0053){ref-type="ref"}, [54](#anie201908649-bib-0054){ref-type="ref"}, [55](#anie201908649-bib-0055){ref-type="ref"} for example, Mitsushima et al.[53](#anie201908649-bib-0053){ref-type="ref"} investigated the dissolution of Pt in the presence of O~2~ in sulfuric acid and postulated the following dissolution reaction:$$\left. {PtO}{}_{2 +}H{}^{+} + \mspace{720mu} H{}_{2}O\mspace{720mu}\rightarrow\mspace{720mu}{Pt}\left( {OH} \right){}_{3}{}^{+} \right.$$

The thickness of the Pt layer after the ultrasonically assisted activation steps I--III as determined by cross‐sectional analysis amounted to circa 800--900 nm (Figure [7](#anie201908649-fig-0007){ref-type="fig"}). Taking into account, the density of platinum of 21.45 g cm^−3^ and the electrode area of 2 cm^2^, the total amount of platinum deposited on the Ni42 surface was calculated to be 3.65 mg based on a (fully) compact layer which agrees well with the mass loss of the Pt counter electrode that occurs whilst sample preparation. Based on five sample (Ni42SoPt) preparations the average mass loss of the Pt counter electrode amounted to 2.94 mg (for each sample produced) and the sum of the amount of Fe, Ni, and Pt dissolved in the electrolyte determined by ICP‐MS technique was found to be 2.81 mg (Table [2](#anie201908649-tbl-0002){ref-type="table"}). Notable is the extremely low amount of Pt (26 μg) in 100 mL of electrolyte. Thus, only 0.88 % of the 2.94 mg Pt (Pt mass loss of the CE) accumulates in solution, the rest is deposited. At first glance the absence of a mass increase of the Ni42 electrode during deposition (mass change: −3.22 mg) seems to be unusual. The analysis of the electrolyte reveals that the amount of Pt which is added to the Ni42 substrate (3.65 mg as mentioned above) is compensated by dissolution of Fe and Ni (Table [2](#anie201908649-tbl-0002){ref-type="table"}). The Pt‐decoration process is therefore likely (at least to some extent) to be a cementation (electroless) process, in which Pt^II^ species originating from the counter‐electrode dissolution, play the role of oxidant at the Ni42 surface, leading to the preferential dissolution of Ni^II^ or Fe^II^/Fe^III^ species (Pt^II^ + Ni→Ni^II^ + Pt). The Pt loading (ca. 18 μg mm^−2^) is still below the lower limit compared to the loading of some commercially available electrodes[28](#anie201908649-bib-0028){ref-type="ref"}, [29](#anie201908649-bib-0029){ref-type="ref"}, [56](#anie201908649-bib-0056){ref-type="ref"} as Pt and Ir loadings in state‐of‐the art electrolyzers are in the range of 2--5 mg cm^−2^. For instance the loading for platinum black coated Nafion 115 from FuelCellsEtc used as cathode for PEMWE type electrolyzers amounts to 30 μg mm^−2^.[7](#anie201908649-bib-0007){ref-type="ref"} Recent studies have shown that lower Pt loadings can be feasible.[57](#anie201908649-bib-0057){ref-type="ref"} However, while Pt/C electrodes are inherently rather immune in HER conditions, this might not be the case when the electrolyzer operates in "start/stop" mode. In these conditions, the "hydrogen electrode" would likely sweep between negative potentials (versus the RHE) in operation, and potentials as high as ca. +1 V vs. RHE in stop (in that case, air would likely intrude the whole cell). Alternation of the electrode potential on Pt/C electrocatalysts can be very detrimental, as Pt nanoparticles can catalyze the local corrosion of the carbon substrate, leading to restructuration of the active layer and loss of Pt nanoparticles (and of electrochemical surface area).[58](#anie201908649-bib-0058){ref-type="ref"}, [59](#anie201908649-bib-0059){ref-type="ref"}, [60](#anie201908649-bib-0060){ref-type="ref"}, [61](#anie201908649-bib-0061){ref-type="ref"}, [62](#anie201908649-bib-0062){ref-type="ref"} Such processes have been thoroughly studied for proton exchange membrane fuel cells,[63](#anie201908649-bib-0063){ref-type="ref"}, [64](#anie201908649-bib-0064){ref-type="ref"} and until now, been roughly disregarded in PEMWE. This could be a serious issue for PEMWE operated for the storage of renewable electricity (the present endeavor), and that the present solution brought herein (a carbon‐free material), must not be subjected to such degradation.

![SEM image of a FIB machined cross section of sample Ni42SoPt. The rear wall of the trapezoidal trough is shown. This wall is orientated perpendicular to the surface of the specimen thus presenting a cross section of the sample. The accelerating voltage was adjusted to 7 kV and the SEM images were acquired using a secondary electron (SESI). Ion (Ga) beam settings: current: 240 pA, voltage: 7 kV, duration: 25 min.](ANIE-58-17383-g007){#anie201908649-fig-0007}

###### 

Determination of the average mass loss of the platinum electrode (column I) and the average mass change of the Ni42 electrode (column II) based on 5 sample preparations. Determination of the amount of Pt deposited on the Ni42 steel based on the outcome of the FIB‐SEM experiment (column III); Determination of the amount of ions dissolved in the electrolyte (column IV and V).

+----------------------------------------------+-------------------------------------------------------------------------------+------------------------------------------------+--------------------------------------------------------------+-------------------------------------------------------+
| I                                            | II                                                                            | III                                            | IV                                                           | V                                                     |
+==============================================+===============================================================================+================================================+==============================================================+=======================================================+
| Average mass loss of the Pt electrode \[mg\] | Average mass change of the Ni42 electrode occurring whilst decoration with Pt | Amount of Pt deposited on the Ni42 substrate\* | Amount of transition metal ions dissolved in the electrolyte | Total amount of material dissolved in the electrolyte |
+----------------------------------------------+-------------------------------------------------------------------------------+------------------------------------------------+--------------------------------------------------------------+-------------------------------------------------------+
| 2.94 mg                                      | −3.22 mg                                                                      | 3.65 mg                                        | 0.026 mg\[Pt\]                                               | 2.81 mg                                               |
|                                              |                                                                               |                                                |                                                              |                                                       |
|                                              |                                                                               |                                                | 1.60 mg \[Fe)                                                |                                                       |
|                                              |                                                                               |                                                |                                                              |                                                       |
|                                              |                                                                               |                                                | 1.18 mg \[Ni\]                                               |                                                       |
+----------------------------------------------+-------------------------------------------------------------------------------+------------------------------------------------+--------------------------------------------------------------+-------------------------------------------------------+
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Conclusion {#anie201908649-sec-0005}
==========

The use of a platinum counter electrode for the evaluation of non‐PGM based electrodes is controversially discussed and questionable, due to the risk of contaminating the WE with platinum. However, such weak point of this experimental setup turned out to be of tremendous benefit for the generation of a highly active and stable HER electrocatalyst. We used a simple three‐electrode‐based polarization approach carried out in acid with stainless steel as cathode and platinum as counter electrode.

The hydrogen bubble formation plus electrodeposition of platinum were found to occur simultaneously on the surface of Ni42 steel upon carrying out repetitive CV scans in sulfuric acid. The HER disturbs homogeneous decoration of Ni42 steel with platinum. However, the latter is advantageous with respect to activity and stability of the generated HER electrode and can be achieved by ultrasonicating the electrolytic cell. An optimized electrolysis protocol allows the generation of a very active (*η*=+140 mV at *j*=−10 mA cm^−2^ and at pH 1) and stable steel‐based hydrogen evolution electrode, which can be seen as highly cost‐effective due to the low amount of used platinum (18 μg mm^−2^). Remarkably, only a negligible amount of Pt (26 μg) was determined in the electrolyte used for the platinum transfer reaction which means that around 99 % of the Pt that comes from the Pt counter electrode is deposited on the WE, making this procedure an ideal alternative to usually exploited strategies.

Conflict of interest {#anie201908649-sec-0007}
====================

The authors declare no conflict of interest.

Supporting information
======================

As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer reviewed and may be re‐organized for online delivery, but are not copy‐edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.

###### 

Supplementary

###### 

Click here for additional data file.

This research did not receive any specific grant from funding agencies in the public, commercial, or not‐for‐profit sectors.
